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Yrast spectroscopy of 60
128Nd68 and systematics of thenh11Õ2 crossing in AÈ130 nuclei
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High-spin states in128Ca were populated with the92Mo (40Ca, 2p2n) reaction at a beam energy of 184
MeV. The previously known ground-state band has been extended toI p5(341) and four sidebands were
observed. Configuration assignments for these sidebands are discussed based on their alignment behavior. A
significant delay of thenh11/2 crossing frequency is observed in theA;130 region, with the largest delays
occurring consistently atN570. Cranked shell model calculations were performed in order to investigate
whether a variation of deformation and/or pairing parameters can account for this phenomenon.
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I. INTRODUCTION

The region of nuclei withZ;60 and N;70 has been
characterized by significant ground-state deformationb2
;0.3) as the neutron Fermi surface is located near mids
(N566) @1#. Shape coexistence has been observed in
region as highly deformed bands are found in several li
A;130 nuclei@2–4#. In addition, these neutron-deficient n
clei provide an important means of testing the cranked s
model ~CSM!. The yrast structures of even-even nuclei ne
A;130 show evidence for the rotational alignment of
h11/2 quasiproton pair at a well-defined rotational frequen
in the range of\v50.3220.36 MeV. This alignment is re
produced well by cranking calculations. In contrast, t
alignment of h11/2 quasineutrons generally occurs over
much wider range~0.5–0.7 MeV!, and at a higher frequenc
than predicted by the CSM. Possible explanations for
surprising effect have been sought in the systematics of
lightest neodymium (Z560), praseodymium (Z559), and
cerium (Z558) isotopes. In the present work, we have
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vestigated high-spin states in128Nd, the lightest Nd nucleus
with known excited states, in order to study these alignm
issues further. The extension of the ground-state seque
reveals that thenh11/2 alignment is also significantly delaye
in 128Nd. However, no sensible combination of deformati
and pairing parameters in the CSM calculations could rep
duce this effect. In addition, four sidebands were obser
and configurations were assigned, based on observed a
ment behaviors and taking into account the quasipartic
located near the Fermi surface. It should be noted tha
parallel work on this nucleus was also published@5# recently.

II. EXPERIMENTAL DETAILS

In an experiment emphasizing the population of some
the most neutron-deficient nuclei in theA;130 region, an
184-MeV 40Ca beam from the ATLAS superconducting lin
ear accelerator at Argonne National Laboratory~ANL ! was
delivered to a 0.625 mg/cm2 thick, self-supporting92Mo tar-
get. Prompt g rays were detected with 99 Compton
suppressed Ge spectrometers in the Gammasphere arra@6#.
Coincident charged particles were measured with the 95
detectors of the Washington University Microball@7#. Ap-
proximately 1163106 fivefold (g5) or higher coincidence
events were determined to haveg rays correlated with two-
proton emission~comprising;20% of the total events!. The
g rays were corrected for Doppler shifts and sorted into
Eg3Eg3Eg coincidence cube. The data analysis was p
formed with theRADWARE @8# software package and the lev
scheme for128Nd from the present data is shown in Fig. 1

Relative spin assignments proposed for the states in128Nd
were determined through directional correlation of orien
states ~DCO! analysis. To facilitate this procedure, a
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FIG. 1. The level scheme for128Nd. The
width of the arrows is proportional to the inten
sity of the transition. Tentative transitions are d
noted by dashed lines. Spin and parity assig
ments are explained in the text.
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asymmetric coincidence matrix was created, where the
ergy of g rays observed in detectors located at;35° and
;145° were histogrammed along one axis and coincideng
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04431
n-rays observed in detectors located at;90° were histo-
grammed along the other. DCO ratios were determined fr
the expression
RDCO5
I g1

~at ;35°or ;145°;in coincidence withg2 at 90°!

I g1
~at 90°;in coincidence withg2 at ;35° or ;145°!

,

as
,

i-

of
ting
whereI g1
is the intensity of theg ray of interest andg2 is a

stretchedE2 (DI 52) transition. With the detectors at th
given angles,RDCO values of approximately 0.5 are expect
for pure dipole transitions (M1 andE1) and 1.0 for quadru-
pole transitions (E2). The measured DCO ratios are summ
rized in Table I along with the energy, spin, and parity of t
states, as well as the energy and relative intensity of
depopulatingg rays. Weak transitions feeding states w
determined spin values, for which a reliable DCO ratio co
not be determined, were assigned a multipolarity by ass
ing that the rotational behavior of the sequence persists.
-

e

d
-

III. THE LEVEL SCHEME

Prior to our work, little was known about128Nd. The
original identification of levels in the ground-state band w
reported by Listeret al. @9# using g-ray, charged-particle
and neutron detection techniques. Moscropet al. @10# con-
firmed the ground-state band in128Nd up to I p5141. The
present data enabled the extension of this sequence~labeled
as band 1 in Fig. 1! by ten additional transitions to a max
mum observed spin and parity ofI 5(341). A spectrum of
the yrast structure is given in Fig. 2, which is a result
summing all coincidence spectra produced by double ga
1-2
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YRAST SPECTROSCOPY OF60
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TABLE I. Data for levels andg rays in 128Nd.

I i
p a Elevel (keV) Eg (keV)b I g DCOc Multipolarity

Band 1

21 133.7 133.7 0.93~7! E2

41 425.0 291.3 [100 0.97~4! E2

61 848.5 423.5 96~5! 0.99~4! E2

81 1377.9 529.4 85~5! 0.93~4! E2

101 1988.0 610.1 67~4! 0.94~9! E2

121 2657.4 669.4 53~4! 0.88~4! E2

141 3373.4 716.0 40~2! 0.91~5! E2

161 4137.2 763.8 32~2! 0.86~6! E2

181 4965.9 828.7 26~2! 0.9~1! E2

(201) 5875.7 909.8 15~1! E2

(221) 6870.2 994.5 9~1! E2

(241) 7939.5 1069.3 7.6~9! E2

(261) 9063.0 1123.5 4.2~9! E2

(281) 10 229.3 1166.3 4.0~9! E2

(301) 11 446.0 1216.7 3.5~8! E2

(321) 12 726.7 1280.7 3.5~8! E2

(341) 14083 1356 ,3 E2

Band 2

7(2) 2224.3 846.4 10~1! 0.58~6! E1

9(2) 2654.1 429.8 14~1! 0.91~6! E2

667 ,3 E1

11(2) 3183.3 529.2 13~1! 0.90~8! E2

523.5 ,3 E1

(132) 3796.2 612.9 13~2! E2

(152) 4481.3 685.1 11~2! E2

(172) 5232.6 751.3 8~1! E2

(192) 6053.0 820.4 6~1! E2

(212) 6942.3 889.3 4~1! E2

(232) 7888 945 ,3 E2

Band 3

(52) 1877.5 1029.0 9.0~8! E1

7(2) 2268.7 391 ,3 E2

890.8 5.6~7! 0.5~1! E1

215.6 3.8~7! M1/E2

340.9 3.5~2! E2

9(2) 2751.0 482.3 7~1! 0.98~5! E2

267.8 3.3~7! M1/E2

11(2) 3322.1 571.1 6~1! E2

314 ,3 M1/E2

13(2) 3955.3 633.2 5~1! E2

15(2) 4641.9 686.6 5~1! E2

17(2) 5369.0 727.1 4~1! E2

19(2) 6165 796 ,3 E2

21(2) 7010 845 ,3 E2
04431
on every combination ofg rays above the 181 state. For the
transitions below the 181 level, DCO ratios were deduce
~see Table I! and theE2 character of these transitions wa
confirmed. It should be noted that the DCO ratios for theE2
transitions systematically lie under the expected value o
although they are mostly within error of this value. This m
indicate a small degree of dealignment of the spin~prior to
the emission of theg rays of interest! for which there is no
explanation at the present time.

In addition to confirming and extending the previous
known ground-state sequence to higher spins, four sideba
were observed. Band 2 is the strongest sideband see

TABLE I. ~Continued!.

I i
p a Elevel (keV) Eg (keV)b I g DCOc Multipolarity

Band 4

(42) 1732.6 1307.6 ,3 E1
(62) 2053.2 320.6 6.0~9! E2

176.1 7.6~9! 0.62~7! M1/E2
(82) 2483.5 430.3 9~1! E2

259.8 4.6~6! M1/E2
214.2 3.5~6! M1/E2

(102) 3009.5 526.0 8~1! E2
258 ,3 M1/E2

(122) 3589.8 580.3 8~1! E2
(142) 4202.0 612.2 7~1! E2
(162) 4887.1 685.1 6~1! E2
(182) 5646.9 759.8 4.2~1! E2
(202) 6490.5 843.6 3.9~1! E2
(222) 7382.5 892.0 4~1! E2
(242) 8308 925 ,3 E2
(262) 9303 995 ,3 E2

aSpin and parity of the initial state.
bUncertainties inEg are 0.2 keV for most transitions, except fo
relatively weak transitions where they are 0.5 keV.
cRelative intensity of the transition calculated withI g(291.3)
[100.

FIG. 2. Spectrum of the ground-state band~band 1! in 128Nd.
The spectrum is a result of summing the coincidence spectra
erated by double gating on all possible combinations ofg rays
above the 181 state in the band. The high-energy part of the sp
trum is displayed in the inset.
1-3
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O. ZEIDAN et al. PHYSICAL REVIEW C 66, 044311 ~2002!
128Nd, as indicated in Table I. A representative spectrum
the sequence is displayed in Fig. 3~a!. The measured DCO
ratio of 0.58~6! for the 846.4 keV linking transition from the
state at 2224.3 keV in band 2 to the 81 state of band 1
implies a change in spin of one unit of\. A I→I 21 assign-
ment to thisg ray would result in band 2 becoming yra
above the 5232.6-keV state, which contradicts the patter
the measured intensities for bands 1 and 2~see Table I!. A
I→I 11 assignment for the 846.4-keVg ray provides a sce
nario more consistent with the observed intensities. Base
this argument, the 2224.3-keV state is assigned a spinI
57. With this assignment, the sequence is observed u
spin I 523\. The absence ofI→I 21 transitions, which
would be favored due to the largerg-ray energy, is discusse
below. Although, a firm parity assignment cannot be ma
for band 2, negative parity is proposed on the basis of

FIG. 3. Spectra of the sidebands in128Nd. The spectrum of band
2 shown in panel~a! is a result of summing several in-band coi
cidence double gates.~b! Spectrum of band 3 produced by summin
coincidence double gates of the 482.3-keV transition with the lo
four transitions of the ground-state band.~c! Spectrum of band 4
produced by summing clean double-gated coincidence spectr
in-band transitions with the 580.3-keVg ray. The inset shows the
linking transitions to the ground-state band.~d! Spectrum of another
possible sideband produced in a similar manner as panel~c!. In-
band transitions are marked with a filled circle. As explained in
text, this band was not incorporated in the level scheme. Pe
denoted by ‘‘c’’ refer to contaminant transitions.
04431
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systematics of the lowest sidebands in even-even Nd nu
@4,11,12#. This assignment also agrees well with the config
ration assignment of band 2, as discussed below.

Bands 3 and 4 are found to be interlinked by several w
transitions assumed to be of mixedM1/E2 character. Band 3
primarily decays through the 890.8-keV transition to band
which has a DCO ratio of 0.5~1!. A change of 1\ is, there-
fore, associated with this linking transition. Once again,
tensity considerations favor aI→I 11 assignment over aI
→I 21 possibility for thisg ray as the latter would make
levels in band 3 approximately 400 keV lower in energy th
states with comparable spins in band 2. The smaller inte
ties of band 3 in comparison with band 2~see Table I! sug-
gest that band 3 is the more highly excited band. Thus,
state at 2268.7 keV is assigned a spin ofI 57. Also this state
is found to decay to the ground-state band via the 340.9-
and 1078.9-keV transitions. Negative parity is proposed
bands 3 and 4 based upon configuration assignments
cussed in the following section. With this parity, one m
note that anI→I 21 assignment for the 890.8-keVg ray
would suggest anM2 multipolarity for the 1307.6-keV tran-
sition from the 1732.6-keV state in band 4.g rays of this
multipolarity are not commonly observed in rotational n
clei, therefore lending further credence to the proposed sp
Band 4 also decays into theI p57(2) level of band 2 through
the 259.8-keV transition.

A weak sequence was also observed in coincidence w
the ground-state band of128Nd, but definitive linking transi-
tions to other bands could not be established. A represe
tive spectrum is shown in Fig. 3~d!, where the in-band tran
sitions are denoted with filled circles. The sequence is
coincidence with transitions below the 81 and (102) states
in bands 1 and 4, respectively. The 655-keV transition w
observed to be a doublet in coincidence with band 5, the
fore, it may conceivably correspond to a linking transitio
However, no other possible linkingg rays could be identi-
fied, and a firm placement will have to await another me
surement with higher statistics. Spin and parity for this str
ture are impossible to assign at this time.

IV. ROTATIONAL ALIGNMENTS AND CONFIGURATION
ASSIGNMENTS

For a discussion of the ground-state band and of the p
sible configuration assignments for the sidebands in128Nd,
the rotational alignments of bands 1–4 are presented in
4. Harris parameters@13# of J0522\2/MeV and J1
517\4/MeV3 were used to subtract the angular moment
of the collective core. CSM calculations@14# were performed
using deformation parameters extracted from total Routh
surface~TRS! calculations@15#. The results are displayed i
Fig. 5 with the orbital labeling scheme summarized in Ta
II. The quasiparticle trajectories were labeled in Fig. 5, ba
on calculated single-particle levels near the Fermi surface
the same Woods-Saxon potential used for the CSM calc
tions. This single-particle diagram may be found in Fig. 5
Ref. @16#.
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YRAST SPECTROSCOPY OF60
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A. Band 1

A large alignment gain, at a crossing frequency of\vc
;0.35 MeV, is observed for band 1. The only nucleons t
can align at this low frequency and give such a large incre
in alignment are the low-K h11/2 protons~not shown in Fig.
5!. This proton alignment (EpFp) is well documented in the
mass-130 region, where the crossing frequency and al
ment gain in128Nd are similar to those observed in near
nuclei @17#. CSM calculations predict theEpFp crossing at
\v;0.37 MeV, in good agreement with the experimen
observations. The next indication for a crossing in band
observed at a frequency of;0.57 MeV, as seen in Fig. 4

FIG. 4. Experimental alignments versus rotational frequency
bands 1–4 in128Nd. Harris parameters ofJ0522\2/MeV andJ1

517\4/MeV3 were used to subtract the angular momentum of
collective core.

FIG. 5. Cranked shell model calculations for quasineutrons
128Nd. The deformation parameters~shown at the top of the figure!
were determined from TRS calculations@15#. The interpretation of
the lines is given at the top of the figure, the orbital labeling sche
can be found in Table II.
04431
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An alignment ofh11/2 quasineutrons~EF! is likely respon-
sible for this crossing. However, the CSM quasineutron d
gram shown in Fig. 5 indicates that theEF alignment is
calculated to occur near 0.47 MeV. Further discussion of
implied substantial delay in theEF neutron crossing in
128Nd and in neighboring nuclei follows in a later section

B. Band 2

Band 2 has an initial alignment of approximately 2.5\
and experiences a significant alignment gain over the
quency range seen in Fig. 4. This gain can presumably
associated with theEpFp crossing since the second proto
crossing (FpGp) is found to occur at a higher frequency o
\v;0.42 MeV in the ph11/2 band of theN568 isotone

59
127Pr @18#. This ph11/2 band is also found to constitute th
yrast sequence in127Pr. Therefore, the lowest lying two
quasiproton band in128Nd would likely have this proton in
its configuration, and such a two-quasiparticle configurat
would Pauli block theph11/2 crossing. Since there is no ap
parent blocking in band 2, a two-quasineutron configurat
is a preferred possibility. From an inspection of the ba
structures observed in the neighboring odd-N 129Nd @16#
nucleus, one can conclude that the neutron orbi
d3/2/s1/2@411#1/2 (A,B), d5/2@402#5/2 (C,D), h11/2@523#7/2
(E,F), andh9/2/ f 7/2@541#1/2 (G,H) ~see footnote 1! are all
located near the neutron Fermi surface for128Nd. The band
associated with the@523#7/2 state is the most intensely pop
lated structure in129Nd @16#, suggesting that this neutron is
likely constituent of the lowest lying two-quasineutron co
figuration in 128Nd. Therefore, band 2 has theE neutron in
its configuration~theE configuration is systematically foun
to be energetically favored over its signature partnerF).
Since E has a signature ofa52 1

2 and band 2 has bee
determined to havea51 ~i.e., it is an odd-spin sequence!,
the second quasineutron must also have negative signa
leavingB, D, andG as possibilities. To reduce the number
possible configurations, one can consider the additivity
alignment for these quasineutrons. The experimental al
ment values~in units of\) at \v50.2 MeV for the configu-
rations observed in129Nd are as follows:A50.7, B51.3,
C50.8, D50.8, E52.1, F52.1, G52.1, and H52.8.
Adding the values for theE andG neutrons would result in a
larger alignment (4.2\) than that observed for band 2
(;3.5\) at \v;0.2 MeV. In addition,G is the unfavored
signature of the@541#1/2 orbital and is highly unlikely to be
associated with the lowest sideband in128Nd. Bands involv-
ing the @402#5/2 orbital are normally strongly coupled wit
little signature splitting. Therefore, if theED configuration is
observed, one would expect to see it coupled with itsEC
signature partner, which is not the case for band 2. Summ
the alignments of theE and B neutrons results in a valu
close to the experimentally observed alignment of band
Large signature splitting is seen for the@411#1/2 band in

1For simplicity, G andH are assigned to the@541#1/2 orbital due
to the fact that this state was observed in129Nd. However, theG,H
trajectories in Fig. 5 may not correspond to this configuration.
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O. ZEIDAN et al. PHYSICAL REVIEW C 66, 044311 ~2002!
129Nd @16#, with the a52 1
2 signature being favored. Thus

the observed decoupled sequence of band 2 is consistent
the EB configuration.

C. Bands 3 and 4

Similar to band 2, large alignment gains are fou
throughout the observed frequency range of bands 3 an
Once again, this is most likely associated with theEpFp

crossing, and indicates that these structures are built on
quasineutron excitations. The average of the initial alig
ments of bands 3 and 4 at\v50.2 MeV is ;2.3\. This is
somewhat lower than expected for theEC andED configu-
rations (;2.9\) at \v;0.2 MeV ~see discussion in Sec
IV B !. However, the presence of low-energyDI 51 linking
transitions between bands 3 and 4 at low spin strongly arg
for an interpretation in terms of coupled signature partne
As stated previously, bands involving the@402#5/2 orbital are
strongly coupled, and therefore, one should observe both
natures, which is consistent with our experimental findin
From the spins of the levels in band 3, aa50 signature can
be inferred and, as a result, this sequence is assigned theED
configuration. It then follows that band 4 is assigned theEC
configuration (a51 signature!.

The configurations associated with bands 3 and 4 m
well point to a possible explanation for the noticeable a
sence ofI→I 21 transitions linking these sidebands to t
yrast line. The orbitals involved originate from theh11/2 and
d5/2 shells, which are characterized byD j 5D l 53. Nazare-
wicz and Tabor@19# suggested that octupole correlations o
cur when orbitals with these characteristics are present
the Fermi surface. Hence, such correlations are likely to
present in bands 3 and 4. Thed5/2 andd3/2/s1/2 orbitals are
found to mix strongly in the128Pr @20# and 129Nd @16# neigh-
bors and, thus, band 2 may also be affected by these octu
correlations. In the mass-180 region,I→I 11 linking transi-
tions from sidebands of octupole vibrational character
also found to be favored over theI→I 21 transi-

TABLE II. Alphabetic quasiparticle labeling scheme for128Nd.

Label (p,a)n
a Configurationb

Quasineutrons

A ~1,1 1
2!1 @411#1/2

B ~1,2 1
2!1 @411#1/2

C ~1,1 1
2!2 @402#5/2

D ~1,2 1
2!2 @402#5/2

E ~2,2 1
2!1 @523#7/2

F ~2,1 1
2!1 @523#7/2

aParity (p) and signature (a) of the orbital. The subscriptn num-
bers the quasiparticle excitations of a specific signature and p
starting with the lowest in energy at\v50 MeV.
bConfiguration of the orbital at\v50 MeV.
04431
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tions ~see, e.g., Refs.@21–23#!. As discussed in Refs
@21,24#, the ratio between the intensities of these two typ
of interband transitions depends delicately on the phase
ferences arising for transitions withDK51 and DK50
quantum numbers. It is possible that the absence ofI→I
21 transitions in128Nd is of a similar origin.

V. SYSTEMATICS OF THE nh11Õ2 CROSSING
IN AÈ130 NUCLEI

Band crossing frequencies are a valuable tool in explor
nuclear properties such as deformation and pairing. The a
ity to correctly predict various crossings in the rare-ea
region has made the cranked shell model a powerful tool
describing observed alignments and associated proper
However, understanding the systematics of the neutronh11/2
crossing in nuclei withA;130 has been particularly cha
lenging, partially due to the predicted triaxial softness of t
heavier nuclei in this mass region@16,25,26#. Therefore, by
focusing on the neutron-deficient nuclei nearN570 andZ
560, which are likely more rigid in their axial deformatio
@1#, one hopes to gain a better understanding about how
alignments depend on the deformation and the location of
Fermi levels. Surprisingly, large deviations have been
served between the experimental crossing frequencies
the predicted CSM values. For instance, Paulet al. @27# ob-
served that the experimentalnh11/2 crossing for even-even
Ce nuclei (N566–74) occurs at significantly higher fre
quencies than the predicted CSM values, and reaches a m
mum (\vc.0.69 MeV) for N570 (128Ce). This crossing
value is a.55% deviation with respect to the CSM pre
dicted value of\vc;0.44 MeV. In contrast, CSM calcula
tions of the protonh11/2 crossing in even-even, neutron
deficient Ce and Nd nuclei are in excellent agreement w
the measured values.

We have extended the systematics of Paulet al. @27# for
thenh11/2 crossing to include La, Nd, and odd-odd Pr nucl
Table III lists the nuclei of interest, the bands in which
nh11/2 crossing have been observed, the crossing freque
values, and the relevant references for the data. For e
even nuclei the ground-state band was used, while the st
tures with the lowest excitation, which do not involve ah11/2
neutron were chosen in the odd-A and odd-odd nuclei. For
discussion purposes, the crossing frequencies of thenh11/2
alignments for all the nuclei listed in Table III are plotte
versus the neutron numberN in Fig. 6.

Several trends can be identified when examining Fig
Starting with the lowestZ isotopic chain~La nuclei!, a steady
increase in crossing frequency withN is observed for both
odd-A and odd-odd La nuclei. Note that the neutron Fer
surface is located increasingly higher in thenh11/2 shell asN
increases. Hence, quasiparticles from high-K orbitals require
more energy to align, and an increase in rotational freque
with N is expected. The neutron crossing inph11/2nd5/2
bands of the odd-odd La nuclei is observed at a noticea
lower frequency as compared with the odd-A ph11/2 bands.
Hartleyet al. @17# suggested that this staggering between
odd-A and odd-odd crossing frequencies may be due t

ity
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TABLE III. The experimental neutronh11/2 crossing frequency for rotational bands in1282134Nd,
1272133Pr, and126,1282132Ce. Except for128Nd, the experimental data on these nuclei were compiled fr
sources listed in the last column.

Nucleus Configuration Neutron crossing Reference

128Nd g.s.b. 0.57~1!
129Nd nd5/2@402#5/21 .0.58 @16#
130Nd g.s.b. .0.66 @4#
131Nd nd5/2@402#5/21 0.48 ~2! @28#
132Nd g.s.b. 0.50~3! @29#
133Nd ng7/2@404#7/21 0.46 ~2! @30#
134Nd g.s.b. .0.62 @12#
127Pr ph11/2@541#3/22 0.55 ~2! @18#
128Pr ph11/2@541#3/22

^ nd5/2@402#5/21 0.63 ~3! @20#
129Pr ph11/2@541#3/22 0.66 ~0! @31#
130Pr ph11/2@541#3/22

^ nd5/2@402#5/21 .0.65 @32#
131Pr ph11/2@541#3/22 0.57 ~1! @33#
132Pr ph11/2@541#3/22

^ ng7/2@404#7/21 .0.53 @34#
133Pr p11/2@541#3/22 0.52 ~1! @35#
126Ce g.s.b. 0.50~1! @36#
128Ce g.s.b. .0.69 @27#
129Ce nd5/2@402#5/21 .0.59 @37#
130Ce g.s.b. 0.66~3! @38#
131Ce ng7/2@404#7/21 .0.57 @39#
132Ce g.s.b. 0.62~0! @40#
125La ph11/2@550#1/22 0.47 ~2! @17#
126La ph11/2@550#1/22

^ nd5/2@402#5/21 0.40 ~2! @41#
127La ph11/2@550#1/22 0.50 ~2! @42#
128La ph11/2@550#1/22

^ nd5/2@402#5/21 0.43 ~2! @43#
129La ph11/2@550#1/22 0.57 ~2! @44#
130La ph11/2@550#1/22

^ ng7/2@404#7/21 0.46 ~2! @45#
131La ph11/2@550#1/22 0.54 ~2! @46#
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reduced pairing field caused by the blocking of a neut
orbital in odd-N versus even-N nuclei. However, it is
also possible that the oblate drivingh11/2 neutrons couple
with the oblate drivingd5/2 neutron. This coupling could re
sult in a shape change and, thus, influence the cros
frequency.

In contrast to La nuclei, the other isotopic chains do n
exhibit a consistent systematic behavior. In most of the
nuclei, thenh11/2 crossing is delayed to such a large exte
that it is not seen up to the highest frequencies access
experimentally. Thus, only lower limits are shown in Fig.
and definitive trends cannot be extracted. However, sign
cant increases in the crossing frequencies of the Ce nucle
observed over those found for La. Starting fromN568, the
crossing frequency in the praseodymium nuclei increa
with N, peaks atN570, and then decreases for higherN, a
trend opposite to that in La. TheN571–73 Nd nuclei ex-
hibit nh11/2 crossing frequencies at approximately the valu
predicted by the CSM, but a sharp jump in the frequency
seen atN570, with decreasing values at lowerN. These
trends suggest that the crossing is maximally delayed n
04431
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N570 for theZ558–60 nuclei.
Cranked shell model calculations were performed

each of the nuclei listed in Table III. Deformation~quadru-
pole b2, hexadecapoleb4, and triaxialg) and pairing (D)
parameters were first determined from TRS calculations.
a given isotopic chain, it was found that the CSM predict
relatively constant value of the crossing frequency
all the nuclei over the neutron range of interest. The aver
calculated values for thenh11/2 crossing were;0.42
MeV, ;0.42 MeV, ;0.44 MeV, and;0.48 MeV for La,

Ce, Pr, and Nd, respectively. Good agreement is gener
seen for the light La and heavy Nd nuclei, but large discr
ancies are found for all other nuclei. In addition, the calc
lations fail to reproduce the peak in crossing frequency
N570.

In order to determine if deformation or pairing~as treated
in the CSM! could be responsible for these delays, the
parameters were varied in a systematic approach. Altho
Paulet al. @27# discussed the effect of quadrupole deform
tion on this crossing frequency within the cranking mod
1-7
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we have included a variation of hexadecapole and tria
deformations, as well as pairing in our study. In each cal
lation, three of the CSM input parameters were fixed a
given value and the fourth was varied in small steps. T
procedure was repeated many times for all the relevant in
parameters over the following parametric ranges: 0.24,b2
,0.48, 230°,g,130°, 20.1,b4,0.1, and 0.6,Dn
,1.4 MeV. In this manner, numerous combinations ofb2 ,
b4 , g, and Dn were inspected. For practical purposes,
calculations focused on128Ce as the largest difference b
tween experimental and predicted crossing frequencies
curs for this case~see Table III!. The calculations show a
smooth increasing trend of crossing frequency with incre
ing b2 and Dn with maximum achievable values atb450
andg50°. We were able to reproduce a large experimen
crossing frequency in128Ce only with the unrealistically
large value ofb2;0.46. Thus, we are in agreement wi
Paul et al. @27# that the CSM is insufficient for describin
this anomaly.

A comparison of the delayed crossings observed in
Ce-Nd region with those found in other mass regions in
cate that thenh11/2 alignments have some of the largest d
lays currently known. Delays in then i 13/2 alignment are ob-
served in the proton@541#1/2 configurations found in theA
;170 region~see Ref.@47#, and references therein!. How-
ever, the delays are smaller (;20–30 % larger than ex
pected! as compared with thenh11/2 crossing nearN570 in
theA;130 region (;40–55 % larger than expected!. Expla-
nations for the delayed crossing in theh9/2 bands are con-
figuration dependent, which include enhanced deformati
and residual proton-neutron interactions@47,48#. Although
this reasoning works well for the heavier nuclei, a more co
prehensive description is necessary for theA;130 nuclei as
the delay appears in several configurations~see Table III!
and, thus, is a general feature of the region. It is also in
esting to note that significant delayed crossings in grou
state sequences are rare. In fact, the only other insta
where this occurs are theN5Z, A;80 nuclei@49,50# and in

FIG. 6. Experimental neutronh11/2 crossing frequencies for lan
thanum (Z557), cerium (Z558), praseodymium (Z559), and
neodymium (Z560) nuclei. Arrows indicate that the neutronh11/2

crossing was not observed up to the highest known freque
therefore, only a lower limit can be displayed.
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a few Pu nuclei@51#. The g9/2 alignment is found to be de
layed by <30% for only theN5Z nuclei of 36Kr, 38Sr,

40Zr, 42Mo, and 44Ru. Once again, these delays are less th
those observed in theA;130 region and are possibly ex
plained by effects fromn-p pairing. SinceN>Z18 for the
nuclei considered in this work,n-p pairing can be ruled ou
for the delay in thenh11/2 crossing. A possible transition
from octupole vibration to octupole deformation has be
suggested for the delays (>15%) in the Pu nuclei@51#.
However, stable octupole deformation is not expected in
well-deformed light (A'130) region, although octupole vi
brations may exist, as discussed in the preceding sec
Thus, the magnitude and the general occurrence for the
layed nh11/2 alignments is distinctive in comparison wit
other nuclei.

One may postulate that perhaps the CSM is incorre
calculating the placement of theh11/2 shell. If the Fermi sur-
faces were located closer to higherK orbitals, larger crossing
frequencies would be expected, as discussed above for th
nuclei. However, experimental observations in neighbor
odd-N nuclei, such as129,131Nd @16,28#, suggest that the
Woods-Saxon potential is correctly predicting mid-K h11/2
orbitals nearN570. In addition, this argument would fail to
explain the peak in crossing frequency atN570. Instead,
one would expect steadily increasing crossing frequencie
N increases, similar to that observed in the La nuclei sho
in Fig. 6.

The large magnitude of the delay may suggest that m
than one force is responsible for this phenomenon. As s
gested by Paulet al. @27#, quadrupole pairing may play a
role, asQQ pairing is not incorporated into CSM calcula
tions. Indeed, projected shell model calculations have in
cated that a delay in crossing frequency may occur with
inclusion of quadrupole pairing@52#. The cranking calcula-
tions also treat deformation and pairing in a static man
~i.e., they are assumed to be the same both before and
the crossing!, whereas these parameters may alter sign
cantly due to the successiveph11/2 and nh11/2 alignments.
Predictions from models that incorporate a self-consist
treatment of deformation and pairing may be more suita
for understanding the delay@27#. However, an inherent dif-
ficulty is present due to the fact that thenh11/2 crossing is the
second alignment observed in these rotational bands. In
aforementioned delays of theA;80, 170, and 240 regions
the delayed crossings normally occur for the first alignmen
which are generally more easily treated than higher f
quency crossings. Therefore, the substantial delay of
nh11/2 crossing appears to be a complex and intriguing pr
lem that requires further theoretical work.

VI. SUMMARY

This investigation of high-spin states in128Nd has re-
sulted in the extension of the previously known ground-st
band up to higher spins such that thenh11/2 crossing was
observed. Four sidebands were identified and assigned
figurations. The systematics for thenh11/2 crossings in the
neutron-deficient Nd, Pr, Ce, and La nuclei were presen

y,
1-8
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The trends show large delays in thenh11/2 crossing in many
of the nuclei surveyed. Indeed, the delays in the cross
frequencies are some of the largest ever observed, and ap
to peak atN570. Cranked shell model calculations cou
not reproduce the high frequency crossing or the peak aN
570. However, it is possible that other effects, such as qu
rupole pairing and/or deformation changes between the t
and four-quasiparticle bands, may influence the crossing
quency. More theoretical work is clearly necessary to fu
understand this complicated anomaly.
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@1# P. Möller and J.R. Nix, At. Data Nucl. Data Tables59, 185
~1995!.

@2# B.H. Smith, L.L. Riedinger, H.Q. Jin, W. Reviol, W. Satula, A
Galindo-Uribarri, D.G. Sarantites, J.N. Wilson, D. LaFoss
and S.M. Mullins, Phys. Lett. B443, 89 ~1998!.

@3# A. Galindo-Uribarri, Rev. Mex. Fis.45, 55 ~1999!.
@4# D.J. Hartleyet al., Phys. Rev. C63, 024316~2001!.
@5# C.M. Petracheet al., Eur. Phys. J. A12, 139 ~2001!.
@6# R. Janssens and F. Stephens, Nucl. Phys. News6, 9 ~1996!.
@7# D.G. Sarantites, P.-F. Hua, M. Devlin, L.G. Sobotka, J. Els

J.T. Hood, D.R. LaFosse, J.E. Sarantites, and M.R. Ma
Nucl. Instrum. Methods Phys. Res. A381, 418 ~1996!.

@8# D.C. Radford, Nucl. Instrum. Methods Phys. Res. A361, 297
~1995!.

@9# C.J. Listeret al., Phys. Rev. Lett.55, 810 ~1985!.
@10# R. Moscrop, M. Campbell, W. Gelletly, L. Goettig, C.J. Liste

and B.J. Varley, Nucl. Phys.A499, 565 ~1989!.
@11# C.M. Petracheet al., Phys. Lett. B387, 31 ~1996!.
@12# R. Wadsworth, S.M. Mullins, J.R. Hughes, P.J. Nolan, A. K

wan, P.J. Bishop, I. Jenkins, M.J. Godfrey, and D.J. Thorn
J. Phys. G15, L47 ~1989!.

@13# S.M. Harris, Phys. Rev.138, 509 ~1965!.
@14# R. Bengtsson and S. Frauendorf, Nucl. Phys.A327, 139

~1979!; A314, 27 ~1979!.
@15# R. Wyss, J. Nyberg, A. Johnson, R. Bengtsson, and W. Na

rewicz, Phys. Lett. B215, 211 ~1988!.
@16# O. Zeidanet al., Phys. Rev. C65, 024303~2002!.
@17# D.J. Hartleyet al., Phys. Rev. C60, 014308~1999!.
@18# S.M. Mullins et al., Phys. Rev. C58, R2626~1998!.
@19# W. Nazarewicz and S.L. Tabor, Phys. Rev. C45, 2226~1992!.
@20# D.J. Hartleyet al., Phys. Rev. C65, 044329~2002!.
@21# G.D. Dracoulis, C. Fahlander, and M.P. Fewell, Nucl. Ph

A383, 119 ~1982!.
@22# M.J.A. De Voight, R. Kaczarowski, H.J. Riezebos, R.F. No

man, J.C. Bacelar, M.A. Delephanque, R.M. Diamond, F
Stephens, J. Sauvage, and R. Roussı´ere, Nucl. Phys.A507, 472
~1990!.

@23# F.G. Kondevet al., Phys. Rev. C61, 044323~2000!.
@24# F.W.N. de Boer, P. Koldewijn, R. Beetz, J.L. Maarleveld,

Konijn, R. Janssens, and J. Vervier, Nucl. Phys.A290, 173
,

,
r,

,

a-

.

.

.

~1977!.
@25# A. Granderath, P. F Mantica, R. Bengtsson, R. Wyss, P.

Brentano, A. Gelberg, and F. Seiffert, Nucl. Phys.A597, 427
~1996!.

@26# N. Xu, Jing-ye Zhang, Y. Liang, R. Ma, E.S. Paul, and D.
Fossan, Phys. Rev. C42, 1394~1990!.

@27# E.S. Paulet al., Nucl. Phys.A676, 32 ~2000!.
@28# D.J. Hartleyet al., Phys. Rev. C61, 044328~2000!.
@29# R. Wadsworth, J.M. O’Donnel, D.L. Watson, P.J. Nolan,

Kirwan, P.J. Bishop, M.J. Godfrey, D.J. Thornley, and D.J.
Love, J. Phys. G14, 239 ~1988!.

@30# D. Bazzaccoet al., Phys. Rev. C58, 2002~1998!.
@31# A. Galindo-Uribarriet al. ~unpublished!.
@32# B.H. Smith, Ph.D. thesis, University of Tennessee, 1998.
@33# A. Galindo-Uribarriet al., Phys. Rev. C50, R2655~1994!.
@34# C.M. Petrache, S. Brant, D. Bazzacco, G. Falconi, E. Farn

S. Lunardi, V. Paar, Zs. Podolya´k, R. Venturelli, and D. Vrete-
nar, Nucl. Phys.A635, 361 ~1998!.

@35# E.S. Paulet al., Nucl. Phys.A690, 341 ~2001!.
@36# A.N. Wilson et al., Phys. Rev. C63, 054307~2001!.
@37# R. Aryaeinejad, D.J.G. Love, A.H. Nelson, P.J. Nolan, P

Smith, D.M. Todd, and P.J. Twin, J. Phys. G10, 955 ~1984!.
@38# A.T. Sempleet al., J. Phys. G24, 1125~1998!.
@39# M. Palacz, Z. Sujkowski, J. Nyberg, J. Bacelar, J. Jongman,

Urban, W. Hesselink, J. Nasser, A. Plompen, and R. Wyss
Phys. A338, 467 ~1991!.

@40# E.S. Paulet al., Nucl. Phys.A619, 177 ~1997!.
@41# J. Timár et al., Eur. Phys. J. A7, 7 ~2000!.
@42# K. Starostaet al., Phys. Rev. C53, 137 ~1996!.
@43# M.J. Godfreyet al., J. Phys. G15, 487 ~1989!.
@44# Y. He et al., J. Phys. G18, 99 ~1992!.
@45# O. Zeidanet al. ~unpublished!.
@46# E.S. Paulet al., Phys. Rev. Lett.58, 984 ~1987!.
@47# H.J. Jensenet al., Nucl. Phys.A695, 3 ~2001!.
@48# W. Reviol et al., Phys. Rev. C59, 1351~1999!.
@49# S.M. Fischeret al., Phys. Rev. Lett.87, 132501~2001!.
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